N-terminal methionine excision (NME) and N-terminal acetylation (NTA) are two of the most common protein post-translational modifications. NME is a universally conserved activity and a highly specific mechanism across all life forms. NTA is very common in eukaryotes but occurs rarely in prokaryotes. By analyzing data sets from yeast, mammals and bacteria (including 112 million spectra from 57 bacterial species), the largest comparative proteogenomics study to date, it is shown that previous assumptions/perceptions about the specificity and purposes of NME are not entirely correct. Although NME, through the universal enzymatic specificity of the methionine aminopeptidases, results in the removal of the initiator Met in proteins when the second residue is Gly, Ala, Ser, Cys, Thr, Pro, or Val, the comparative genomic analyses suggest that this specificity may vary modestly in some organisms. In addition, the functional role of NME may be primarily to expose Ala and Ser rather than all seven of these residues. Although any of this group provide "stabilizing'' N termini in the N-end rule, and de facto leave the remaining 13 amino acid types that are classed as "destabilizing'' (in higher eukaryotes) protected by the initiator Met, the conservation of NME-substrate proteins through evolution suggests that the other five are not crucially important for proteins with these residues in the second position. They are apparently merely inconsequential players (their function is not affected by NME) that become exposed because their side chains are smaller or comparable to those of Ala and Ser. The importance of exposing mainly two amino acids at the N terminus, i.e. Ala and Ser, is unclear but may be related to NTA or other post-translational modifications. In this regard, these analyses also reveal that NTA is more prevalent in some prokaryotes than previously appreciated. Molecular & Cellular Proteomics  12: 10.1074/mcp.M112.019075, 14 -28, 2013. 
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Although methionine is used to initiate protein synthesis for essentially all proteins, it is subsequently removed in a large percentage of cases, either by cleavage of an N-terminal "signal " peptide (as part of cellular translocation mechanisms or precursor activations) or by the action of specific methionine aminopeptidases (MetAPs). Approximately two-thirds of the proteins in any proteome are potential substrates for the latter N-terminal methionine excision (NME), 1 and MetAPs appear in all organisms from bacteria to eukaryotes (1) . The second, or P2, amino acid in protein substrates is crucially important for NME because MetAP specificity mainly depends on the nature of this residue, a selectivity that is conserved across all species (1) (2) (3) (4) (5) . These enzymes generally excise the N-terminal Met when the second residue is Gly, Ala, Ser, Thr, Cys, Pro, or Val (3, 6, 7) , which are the amino acids smallest in size (based on radius of gyration of the side chain (8) ). NME is a necessary process for proper cell functioning; it is included in the minimal genome set of eubacteria (9) . Eukaryotes contain two MetAPs derived from a version in bacteria (MetAP1), and another found in archea (MetAP2) (11) . Just as the deletion of MetAP eubacteria is lethal, the deletion of both MetAPs in yeast is also lethal (10) .
In 1988, Arfin and Bradshaw (2) observed that the specificity of NME coincided with that of the N-end rule (NER) (12, 13) , a ubiquitin-dependent protein degradation process that is based on the recognition of N-terminal residues. The stabilizing residues for the NER include Gly, Ala, Ser, Cys, Thr, Pro, and Val and, with the exception of Met, the destabilizing residues are all found to be in the class of P2-residues that are not substrates for the MetAPs. This suggested that NME acts to release Met from proteins whose stability is unaffected by the NER creating at the same time a second class of proteins, who have the potential for regulated turnover downstream of the cotranslational processing, when, and if, the N-terminal Met is subsequently removed by a mechanism other than the cotranslational action of the MetAPs. However, despite ex-tensive studies, this type of programmed protein turnover (requiring downstream removal of Met) has not been demonstrated to occur. An implication of this correlation is that exposing of the stabilizing residues may also contribute to increasing their lifetime.
The stabilizing residues exposed by the action of the MetAPs can be further modified. The most extensive of these reactions is N-terminal acetylation (NTA), which can occur on as much as 70 -80% of the mass of the soluble protein in eukaryotes. Although the specificity of the N-acetyltransferase (NAT) responsible is not as rigid as the MetAPs, the principal substrates in the stabilizing class are usually the four smallest residues (Gly, Ala, Ser, and Thr) (6, 14) . A second class of NATs can also modify the retained Met when the adjacent residues are Asp, Glu or Asn (15) . The functional importance of this modification (in either case) is not known although it has been suggested that it may exert a protective effect against spurious aminopeptidase cleavages. Recently, Hwang et al. (16) have extended the NER to include N␣acetylated termini as also destabilizing thus providing another possible function for this modification. In contrast, to date, very few instances of N␣-acetylation have been observed in bacteria. Other modifications can also occur in both eukaryotes and prokaryotes although they are generally much more limited in scope.
The specificity of the MetAPs suggest an apparent connection between NME and protein degradation. However, this connection has never been examined using high-throughput mass spectrometric data or a comparative genomics approach; thus it remains unclear whether exposing these stabilizing residues contributes to increasing protein half-life and thus represents a primary purpose of NME. (The connection between NME and NER in bacteria, which has an NER with a somewhat different profile (17) , is even more obscure.) Recent studies provide some examples where disruption of NME via a single-residue substitution in the P2 position causes protein degradation (18 -20) ; however, some of these experimental results are in conflict with the NER (13). Giglione et al. (20) have shown that NME triggers degradation of D2 protein in Caenorhabditis reinhardtii in the PSII complex after replacing the second (stabilizing) Thr residue by another amino acid to prevent NME. This replacement results in early degradation of D2 and instability of the PSII complex. From this, Giglione et al. (20) postulated that NME determines protein life-span via currently unknown machinery. However, because Bachmair et al. (12) classified Met as a stabilizing residue, it is not entirely clear why substituting one stabilizing residue (Met) by another one (Gly, Ala, Ser, Cys, Thr, Pro, or Val) should affect protein stability and the substitution may have other deleterious effects that are manifested in different ways.
The logic for analyzing NME and NER is shown in Fig. 1 . NME exposes 7 different residues as new N termini of proteins. The natural conclusion that has become a dogma of NME is that these seven residues are exposed for a functional reason. The broad scope of NME suggests a universal reason that surpasses any particular protein's role. In turn the com-FIG. 1. Two alternative cases for NME function. A, NME exposes seven residues to be new N termini of proteins. Because this is presumably for some functional reason, the conventional assumption is that all seven residues must have functional importance as N termini. By the comparative genomics postulate (as defined in the text), evolutionary conservation of all seven at P2 should be observed. If all of these residues are not conserved, one of the two assumptions must be incorrect; either not all seven residues are important or the comparative genomics postulate is invalid. B, Given that the comparative genomics postulate holds, and only two of the seven residues are of functional importance as N termini, then the other five residues are inconsequential players and only these two residues should be evolutionarily conserved.
parative genomics postulate (function suggests conservation) leads to the conclusion that the seven residues should be evolutionarily conserved at position P2 of proteins. However, because only two out of the seven residues are conserved, we argue that one of the two assumptions in Fig. 1A must be incorrect and put forth the alternative logic depicted in Fig.  1B , which matches our analysis across dozens of species. According to this logic, NME accomplishes the goal of exposing Ala and Ser by exposing all residues with side chains smaller or comparable in size to Ala and Ser (G, T, V, P, and C). These residues are thus inconsequential players that are not functionally important (and are not evolutionarily conserved) at P2.
In this report, we examine the connection between the specificity of NME and stabilizing residues of NER. In doing so, data sets from bacteria (including 112 million mass spectrometric spectra from 57 species), yeast, and mammals, were analyzed for N-terminal peptides both with respect to the excision (or not) of initiator Met residues and the distribution of P2-residues. The results reveal a strong preference of Ala and Ser as P2-residues. However, this process does not appear to be linked to the NER other than being generally compatible with it. These studies also demonstrate a much greater than expected number of N␣-acetylation events in some bacteria.
MATERIALS AND METHODS
Spectral Data Sets-A tandem mass spectrometry (MS/MS) data set from Saccharomyces cerevisiae was used in the analysis of NME and other post-translational modifications (PTMs). Six million spectra were analyzed, searched against an S. cerevisiae database, yielding 410 protein identifications with N-terminal evidence.
In addition, 112 million spectra from 57 different bacterial organisms were searched to provide a large data set containing 16511 classifiable proteins. InsPecT (21) was used for searching the spectra followed by the MS-generating function approach (MSGF), as detailed in Kim et al. (22) to filter for significant identifications at a false discovery rate (FDR) of 1%. Further description of this data set is presented in supplementary Text S1.
N-terminal PTM Search-Of the available 57 data sets from bacterial organisms, 47 were searched for all N-terminal modifications (including unexpected ones) across 68 million spectra. To identify PTMs occurring on the N terminus of proteins, MSGF (22) was used. Given a protein p in proteome P, the first tryptic cut of p was taken as the peptide to search. Therefore, the N terminus of the peptide was the N terminus of p, whereas the C terminus was either K or R. In addition to searching for this peptide, the initial Met was removed and the Met-less version was also searched. So should P denote the number of proteins in the proteome P, there are M ϭ 2* P peptides to search.
Each of the M peptides was paired with each available spectrum for the organism in question. Therefore, with N different spectra, one obtained M*N potential peptide-spectra matches (PSM) to test. For each PSM, there will likely be a difference in parent mass of the spectrum and of the peptide. This difference, or offset, was concatenated to the peptide annotation as an N-terminal modification to be searched. As a result our search represents a blind (or universal) search for PTM (23) that allows us to find unexpected PTMs.
For most bacteria, M is between 1000 and 8000, whereas N varies greatly. However, there are frequently 40 million to 400 million PSMs with accompanying spectral probabilities. Only those PSMs with spectral probabilities less than 1.0*10ˆ{Ϫ10} were retained as statistically significant. This greatly reduced the number of PSMs, and potential PTMs, to consider.
A permutation test was used to determine over-representation of N␣-acetylated Ser-proteins from the 248 proteins found by MS/MS data in yeast containing evidence of N-terminal acetylation. This test was performed by considering all proteins in S. cerevisiae with Ala, Ser, or Thr at position 2. Of all proteins satisfying that constraint, 248 proteins were randomly selected. Counts for the number of proteins with Ala, Ser, and Thr at P2 were determined for each iteration. This process of randomized sampling was iterated 10,000 times to obtain a null distribution. Thresholds for 5 and 1% were then determined using the conservative Bonferroni correction for the tests of the three residues.
Sequelogs-To test if NME was critical for a function of a specific protein, its sequelogs from related species must be analyzed (in this report the term sequelog from (24) is used instead of the commonly used term ortholog). The protein sequence data used for comparing sequelogs were compiled into three sets: bacteria, yeast, and mammal. The bacterial data set comprises 19 Shewanella species (1860 proteins had sequelogs in all species). The yeast data set comprised seven Saccharomyces species (1502 proteins had sequelogs in all species) obtained from the Saccharomyces Genome Database (http://downloads.yeastgenome.org/). The mammalian data set was composed of six species: human, chimpanzee, macaque, cow, opossum, and rat, obtained from the MSOAR project (http://msoar.cs. ucr.edu/). There were 7934 proteins that had sequelogs in all species. Sequelog mappings for each data set were obtained from each respective project. A protein was included in a particular data set if there existed a sequelog in all species considered in the data set in question. No further annotations or processing were performed to determine or modify the provided sequelog mapping.
RESULTS
NME Specificity-Large-scale mass spectrometric studies (25) have confirmed that NME occurs with nearly 100% efficiency from proteins containing Gly, Ala, Ser, Thr, Cys, Pro, and Val as the P2-residues, which provides the simplest rule for predicting NME. More detailed studies (3, 7) have devised rules for NME prediction that use the amino acids in positions 2 and 3. The simple rule (that classifies a protein as NMEpositive if P2 is in X where X ϭ {G, A, P, S, T, V, C}) results in an 8% error rate, most of which represents false positives (96 of 107 errors are false positives). The accuracy of this simple prediction rule on the Shewanella MS/MS data set is acceptable, given that some of the errors may reflect false positive peptide identifications rather than a shortcoming of the rule.
As part of these analyses, an MS/MS data set consisting of Ϸ112 million spectra from 57 different bacteria generated at Pacific Northwest National Laboratory were examined (see (26) for a detailed description of this data set). 6811 N-terminal peptides representing Met retention and 9700 representing Met removal (16511 peptides in total) were identified. This is the largest data set of N-terminal peptides analyzed to date. Fig. 2A and 2B represent the logos for peptides with retained and cleaved Met, respectively. supplemental Table S1 , S2, and S3, located in supplemental Text S1, summarizes the organisms searched and the results obtained.
Interestingly, these analyses also revealed previously unknown variability in NME specificity across different species. An example of a species with a less specific NME (with eight rather than seven residues in the second position that trigger NME) is shown in Fig. 3 , which compares NME specificities in Brachybacterium faecium, Escherichia coli, and Deinococcus radiodurans. Asn is exposed in 20 of 22 cases, in contrast to the standard NME specificity that conventionally includes this residue in the group of non-MetAP substrates. However, it is consistent with the observations of Walker and Bradshaw (19) that yeast MetAP1 could readily cleave a synthetic peptide with a Met-Asn N terminus. Deinococcus radiodurans and various Geobacter species show a different variance where, contrary to the usual MetAP substrate profile, NME retains rather than removes Met before Thr. This is unlikely to be an artifact because the same effect is observed in all Geobacter species in this data set, which includes Geobacter metallireducens, Geobacter sulfurrereducens, and Geobacter uraniireducens. Another smaller but significant variation in NME specificity relates to Val P2-residues where Met is mainly retained rather than excised in Ϸ30% of the species considered (cleavage specificity is less than 50%). Therefore, although the simple MetAP specificity is a good overall predictor for most species, there is some flexibility observed in some species. This poses an opportunity for NME predictor software, such as the TERMINATOR web server (27) , to improve and reflect these variations in NME specificity (currently all eubacteria are assumed to have the same NME specificity).
N-terminal Modifications-A typical MS/MS experiment identifies only a fraction of all tryptic peptides (and hence only a fraction of those derived from the N terminus) and the accuracy of MS/MS-based peptide identification tools further deteriorates while detecting modified (e.g. acetylated) peptides (see (28) for complications in identification of N-acetylated peptides). Therefore, the acetylation status of most proteins cannot be inferred from a typical MS/MS experiment.
Mass spectrometry data for S. cerevisiae were searched for PTMs ( Fig. 4 ). N␣-acetylation is a common PTM in yeast proteins, with Ser, Ala, Gly, and Thr being the acetylated residues when the initiating Met is cleaved (29) . Indeed, of the FIG. 4 . Results from PTM searches in Saccharomyces cerevisiae. A, Breakdown of NME, non-NME, and NMEϩNTA (NME and N␣-acetylation) events. Approximately 65% of N-terminal events in yeast were found to be N␣-acetylations. B, Residue breakdown of the P2 position of proteins that underwent NMEϩNTA. Ser is strongly favored in yeast, much as Ser-conservation is also pronounced in yeast. C, 221 identifications of only NMEϩNTA proteins show that Ser dominates the composition. D, The intersection between NMEϩNTA and NME-only show a wide distribution among NME residues.
270 N␣-acetylated sites found in S. cerevisiae by mass spectrometry, 197 are on Ser, 31 on Ala, and 20 on Thr. Permutation tests revealed that only Ser is significantly over-represented in these PTM observations, the only residue with a p value less than 0.01 (see Methods). In addition, Fig. 4D shows that N␣-acetylation prefers Ser-proteins because Thr-and Ala-proteins increase in frequency when considering the intersection of N␣-acetylation and NME-only events. Although proteins with N-terminal Ser, Ala, Thr, and Gly are all N␣acetylated in yeast, N-temrinal Ser-proteins appear to be heavily favored.
Serine is favored in S. cerevisiae, however, it is not universally favored for N␣-acetylation events. Helbig et al. (28) provide mass spectrometry evidence for N␣-acetylation in human cells, showing a strong preference for Ala. In the same study, the N␣-acetylation profile for Drosophila melanogaster was also shown to differ, with Met, Ala, and Ser nearly equally represented. The bacterial N␣-acetylation data in Table I and Fig. 5 also show a slightly different profile, still with Ala and Ser as prominent residues.
Widespread N-terminal Acetylation in Bacteria-Acetylation is currently viewed as a rare modification in bacteria. In previous studies with in E. coli five different N␣-acetylated proteins were identified: ribosomal subunits S18 and S5 (30), L12 (31), along with SecB (32), and elongation factor Tu (33) . Utilizing the data set of bacterial organisms, blind PTM searches detected many N␣-acetylated proteins in multiple organisms, although certainly not all. Fig. 6 shows the potential PTMs as the number of occurrences of a particular mass shift. Mass shifts of -131 correspond to a loss of Met (i.e. an NME event) whereas a shift of 0 signifies the retention of the initial Met residue; these are expected events. The surprising number of -89 mass shifts, corresponding to a loss of Met (-131) along with the addition of an acetyl group (ϩ42), was considered indicative of N␣acetylation. A protein was considered to be N␣-acetylated if it was observed with this offset within Ϯ1Da. Fig. 5A diagrams the findings of NME-only, non-NME, and NME proteins that also undergo N␣-acetylation (NMEϩNTA), using this un-targeted PTM search method. There is considerable overlap between NME-only and NMEϩNTA sets, suggesting that many proteins undergoing NTA do not require this modification, or require both (as with ribosomal protein L7/L12 in E. coli). Fig. 5 summarizes the overall P2 residue distribution of NME events and NMEϩNTA events from Table  II and Table I, Any proteins appearing in both sets are only counted once. Residues with greater than or equal to 1% representation are labeled in each pie chart. A, Aggregation of Venn diagrams of N-terminal PTM runs on 68 million bacterial spectra across 45 organisms. Of the 2613 NMEϩNTA, 8933 NME, and 6613 non-NME identifications, the only considerable overlap is across NMEϩNTA and NME, which is expected. A Venn diagram for each organism was constructed, and the counts for each set and overlapping sets were aggregated into this larger diagram. Sequelog relationships were not taken into account in the diagrams creation. 16% of bacterial N-terminal events were found to be N␣acetylations. B, 8933 NME events with Ser, Ala, and Thr well represented. C, 2613 N␣-acetylation identifications (NMEϩNTA) where Ser, Ala, and Thr are again the major residues. D, The intersection between NMEϩNTA and NME yields 1216 identifications, comprising mostly of Ser and Thr.
represented in both groups, showing that it is an important component of NME. Table I shows the breakdown of amino acids at position P2 of each protein with observed NME and NTA. Ala, Ser, and Thr showed a strong tendency for losing the initial Met and for being acetylated. Table II shows the same amino acid breakdown for P2 of identified NME events using this same MSGF approach.
Although Thr is highly represented in these N␣-acetylated identifications, seen in Fig. 5C , no such elevated Thr-conservation at position P2 was observed in the Shewanella data set. This could be because of a more complicated role of Thr in N␣-acetylated proteins, or a reduced role of NTA in the Shewanella organisms compared with other bacteria (data not shown). Unfortunately, sequelogs are difficult to determine for distantly related bacterial organisms, preventing further analysis of conservation in bacteria. NME-conserved Proteins-To observe NME importance using comparative genomic approaches, we made certain assumptions about the sequence data.
Postulate 1 (Comparative genomics postulate): If a protein undergoes NME in one species and it is essential for its function, then related proteins in other species are likely to undergo NME as well. A protein is called (strongly) NMEconserved if its related proteins (sequelogs) across all studied species also undergo NME. Alternatively, a protein can be called mostly NME-conserved if most of its sequelogs (statistically significant increase as compared with null hypothesis) also undergo NME. This fuzzier definition would also capture functional importance regarding NME, but would add additional complexity to our analysis. We opt for a strict definition of (strongly) NME-conserved through the remainder of the text.
Postulate 2: Finding X-residues in all sequelogs of a protein is statistically surprising unless NME is truly important for the function of the protein. Although similar to the first axiom, it is distinct from it because the first one specifies a general relation among sequelogs, and this one relates X-residues to NME and describes the type of signal we should observe from proteins that require NME.
Postulate 3: The baseline compares X-residues at P2 with X-residues at P3, P4, and P5. Because X-residues at P2 are related to NME, and presumably only NME, those at P3, P4, and P5 are not related to NME but are instead related to each individual protein's function. These three positions can be used as a baseline for the background of expected X-residue statistics.
Our statistic for X-residues is now defined as follows: For a protein P (having sequelogs in all species) and a position i, define X(P,i) as the number of species in which the amino acid at position i is an X-residue. X(P,i) can vary from 0 to the number of species, n. The number of proteins with X(P,i) ϭ t defines count(t,i) (count(t,i) varies from 0 to the number of proteins, k). Because we care about proteins with X-residues at P2 across all n species, as per postulates 1 and 2, the statistics we compute are count(n,2), count(n,3), count(n,4) and count(n,5). To obtain an estimate on each statistic's variance, bootstrap analysis is applied to each data set using 10,000 iterations.
The mean counts for each data set are shown in Fig. 7A , for the Shewanella data set there are 375 such proteins for position 2, in contrast to only 162 for position 3. This is a significant increase in conservation of X-residues at the position directly affecting NME. Similar trends are observed in yeast and mammalian species, also seen in Fig. 7A . Yeast shows a similar pattern with Ϸ300 more proteins with perfectly conserved X-residues at position 2 as compared with other positions. The mammalian species also show a large difference (Ϸ 500 proteins) between position 2 and other FIG. 6. Offset counts for the range of ؊150 to ؉150 in A. variabilis. NME events are represented as peaks located at Ϫ131, NME and N␣-acetylation at Ϫ89. Retention of Met (no NME event) is represented by a peak at 0. positions. Furthermore, the differences in X-residue counts between positions 2 compared with 3, 4, and 5 cannot be attributed to variance in the statistic used.
The higher conservation of X-residues at the second position, seen in all data sets in Fig. 7A , indicates that NME may be functionally critical for some proteins and provides a candidate list of such proteins. Proteins whose sequelogs in all species have an X-residue in the second position are designated as NME-conserved proteins.
Conservation of Ala-and Ser-as the P2-Residue in Proteins-After analyzing for group conservation of all seven X-residues at initial positions of the proteins (checking whether the second residue in each sequelog is an X-residue), analyses of individual amino acids (instead of the set X) at the second position and comparison to the conservation at the third position (where conservation is not expected) as a con-trol were performed. Fig. 8 and Table III show that Ala is conserved among all Shewanella species in 79 proteins at position 2 but only in 14 proteins at position 3. Ser is conserved in 75 proteins at position 2 but only in 16 proteins at position 3. Conservation levels of other amino acids are rather similar between positions 2 and 3, suggesting that proteins with Ala and Ser in the P2 position may be the important targets for NME in Shewanella. Because Ala and/or Ser are exceptionally well-conserved, it is reasonable to assume that NME affects the function of these proteins (if one accepts the comparative genomics postulate). This Ala and/or Ser importance is further underlined in supplemental Text S1, specifically Tables S4, S5 , and S6, where T-tests showed significant differences in P2 from other N-terminal positions.
Ala and Ser also exhibit much higher conservation at the second position as compared with other N-terminal positions TABLE II NME P2 residue distribution using a 1.0*10ˆ{Ϫ10} spectral probability threshold and described filtering procedures, using the definition as:
Ϫ131Ϯ1Da neighborhood indicating that they are specifically required here (rather than in a few initial positions) and suggests that this elevated conservation is relevant to NME. Shewanella, yeast, and mammalian species all show much higher levels of conservation for Ala and/or Ser in the second position compared with other residues. The one exception to this pattern is seen for Lys in Shewanella, Fig. 8A , where Lys is elevated at P2 and P3 compared with P4 and P5. This violates our third postulate, and is therefore considered to not be an NME relevant pattern. This trend of Ala/Ser importance appears again in Fig. 7B , which displays X-residue conservation across bacterial, yeast, and mammalian data sets. For the data in this figure, Ala and Ser are removed from the X set, i.e. X ϭ {G,P,T,C,V} and there is little change in the level of conservation from P2 to P3, P4 or P5 for sequelogs within each data set. Most of the change from P2 to P3, P4 or P5, of which there is little, can be accounted for by variability of the statistic. Comparing Fig. 7A to Fig. 7B shows that Ala and Ser are responsible for the elevated levels of conservation at position 2 for these sequelogs. DISCUSSION Although it has been known for some time that protein synthesis is essentially universally initiated with Met (34), it has only become appreciated over the intervening years that this residue is subsequently removed from a considerable portion of the proteins actively synthesized in any given organism. Much of this NME for cytoplasmic and nuclear proteins occurs as a cotranslational event catalyzed by specific MetAPs (5) . There are two classes of these enzymes but both have quite similar substrate profiles (11) . In a eukaryote such FIG. 7 . Mean NME-conserved protein counts are shown for P2 through P5 for bacterial, yeast, and mammalian data sets. An NME-conserved protein is one containing the residue at the position in question (two through five) in X across all sequelogs of that protein.
All values are obtained from bootstrap estimated mean and standard deviation of each statistic. A The set of residues considered is defined as X ϭ {G,A,S,P,V,T,C}. It is evident that P2 contains a larger number of NME-conserved than P3-P5. B NME-conserved protein counts, without Ala and Ser, are shown for P2 through P5 for the three data sets. Here the X set does not contain Ala and Ser, and is defined as X ϭ {G,P,V,T,C}. Not including Ala and Ser in X produces no elevated counts at P2 compared with P3, P4, and P5. This suggests that the boost in NME-conserved counts seen in A can be attributed to the Ala and Ser residues. as yeast, the number of proteins predicted to lose or retain the initiator Met (on an individual gene basis) is nearly equal; however, based on protein mass, a great preponderance of soluble proteins undergo this modification and are, moreover, then N␣-acetylated.
The functional purposes of NME are poorly understood and there are several possible reasons that NME is such an essential process. In the first place, it has been argued that NME allows the rapid recycling of Met to keep the levels of the intracellular pools at an adequate level for the many roles that this amino acid plays in addition to its involvement in protein synthesis (both as an initiator and as a constituent residue). Met is generally relatively scarce and the recovery of most (on a mass basis) of the Met expended in initiating protein synthesis is certainly likely to be beneficial to the cell. However, this ascribed role for NME begs the question of why Met is recovered from only a subset and not all proteins. The answer, although likely complex, may be that having two classes of protein (those that lose their Met and those that do not) is desirable for other reasons. Indeed, it is possible that primordial MetAPs did not make the distinction between these two substrate types and Met was recovered from all synthesized proteins. However, if this was the case, evolution altered these enzymes to their present day specificity very early on and these changes were adopted in all life forms that are presently known. There are few biological processes that show this level of conservation in all living organisms. Walker and Bradshaw (19) demonstrated that NME specificity in vitro can be changed (by site-directed mutagenesis of yeast MetAP1) to expand the number of P2-residues that allowed Met removal, so even within the present MetAPs there is no structural reason to prevent the development of an enzyme (through mutation and natural selection) that has a broader and possibly comprehensive substrate profile. The fact that this did not happen suggests additional roles for NME and the need for the two classes of protein that it generates.
By the same token, being able to expand the specificity does not ensure that it would be possible to further "close down " the repertoire of substrates. It may well be that the substrate specificity that the present day MetAPs display is basically at the lower limit (in terms of the size of the P2residue) that nature can engineer with this scaffold. This may explain the dominance of Ala/Ser substrates (controlled by evolutionary pressure on the second position) while still allowing the five or so additional substrates that are also cleaved.
A second proposed function of NME is linked to protein stability and degradation. Thus, the profile of NME produced by MetAP action fits, at least in eukaryotes, to that dictated by the NER. This suggests, given the very early development of MetAP specificity, that the recognition component of the NER that binds certain N-terminal residues to allow the polyubiquitinylation and subsequent proteasomal degradation evolved to be compatible with it, rather than the other way around. As such, the removal of Met (from the seven amino acids with the smallest side chains) is not so much a stabilizing event as it is a permissive one, i.e. these N termini are simply ignored by the NER machinery. Because there is a singular lack of evidence that the proteins in the non-NME class are ever subsequently degraded via the NER (after exposure downstream of the destabilizing residues), it suggests that the role of NER is to capture and destroy mis-folded and/or damaged proteins, spuriously formed fragments and any other peptidic detritus that may arise in the course of other cellular activities rather than as part of programmed protein degradation. Recently, Hwang et al. (16) have revised the original NER by showing that N␣-acetylation can produce N termini that are also recognized by the germane ubiquitin ligase and thus arguing now that NER is really a quality control mechanism for protein stoichiometry in the cell. They also conclude that it mainly functions as a scavenger for improperly folded proteins.
A third raison d'etre for NME is the preparation of the N terminus for further post-translational modification. For purposes of this discussion, no strong distinction is drawn between co-and post-translational events. In eukaryotes, N␣acetylation is a prominent modification of four of the seven residues exposed by NME but is certainly not the only one. In addition, the initiator Met is acetylated when the P2-residue is Asp, Glu, or Asn (15) . Hwang et al. (16) have recently reported that five residues (Ala, Val, Ser, Thr, and Cys) are the primary sites of NTA after NME and argue that they should now be considered destabilizing residues in the NER. However, in an extensive study of N␣-acetylation by mass spectrometry, it was shown that Ala and Ser account for 89% of all the proteins modified by acetylation that are NME targets in Homo sapiens, implying that N␣-acetylation of Val, Cys, and even Thr is also rare in eukaryotes (28) . The NATs responsible for NTA (the NatA, NatB, and NatC complexes) have been studied in a variety of eukaryotic organisms (35) . NatA modifies Ala, Ser, Gly, and Thr so it requires NME to prepare its substrates. Knockdown of Naa10 (previously Ard1, standardization introduced (35) ) and Naa15 (previously Nat1), which comprise NatA, in Caenorhabditis elegans resulted in embryonic lethality (36) . The human NatA complex has also been shown to be important in apoptosis as shown in Naa10 (previously hARD1) and Naa15 (previously NATH) knockdowns in human HeLa cells (37) . The necessity of NatA in yeast is less clear-cut. Polevoda et al. (15) produced deletion mutants of Naa10/Naa15 (previously ard1 and nat1, of the NatA complex), Naa20 (previously Nat3, of the NatB complex), and Naa30 (previously Mak3, of the NatC complex), all of which are viable; however, all display negative phenotypes.
The extensive occurrence of this reaction in eukaryotes suggests that it is an important modification. However, there is little evidence for any direct role of this group in any function. It may be that it is involved in, as yet unidentified, protein-protein interactions perhaps through a specific binding motif such as found for other PTMs. Alternatively it may contribute generally to the cellular environment by blocking a significant number of ␣-amino groups to prevent nonenzymatic glycation with reducing sugar metabolites (which would make these energy rich compounds unavailable for catabolic breakdown). It seems not to be significantly involved, as was once proposed, in stabilizing proteins against spurious aminopeptidase attack.
In contrast, modifications such as N-myristoylation clearly have functional consequences. This modification has been shown to be important for a small subset of proteins, and it is estimated that 0.5% of eukaryotic proteins undergo this modification (38) . The functional role of NME is unlikely to be strongly connected to N-myristoylation as only a small percentage of proteins undergo this addition and even fewer require it for proper protein function. Also, N-myristoylation is not as universal as NME because it does not occur in bacteria. The analyses herein (Table V) reveal some over-conservation of Gly in mammals (168 Gly-conserved proteins for the second position as compared with 119 Gly-conserved proteins for the third position). However, this 40% increase provides a somewhat weaker support for the functional role of Gly as compared with 190% increase for Ala. Therefore, although Gly-conserved proteins undoubtedly exist, their modest amount of over-conservation does not allow one to conclude that exposing Gly is an important role of NME.
The inclusion of the commonly acetylated N termini in the NER (16) significantly changes the original model. The N termini now considered to be degrons compose 18 of 20 residues, including 5 of 7 X-residues: A, V, S, T, and C, leaving out only X-residues G and P because of the fact that they are rarely N␣-acetylated (in yeast). We argue that if G and P are not considered degrons, then V, T, and C should also be removed from the degron list because of their rare acetylation state, (seen in Fig. 4 ). This leaves Ala and Ser as degrons that are heavily N␣-acetylated in yeast, suggesting that the predominant removal of Met and subsequent acetylation of Ala and Ser combine to provide a principal role for NME and the connection to the NER degradation pathway.
One explanation for the conservation of Ala and Ser might be the influence of the underlying nucleotide sequences of the Met and second codon. The Kozak consensus RccATGG is a regulatory motif playing an important role in the initiation of translation in vertebrate and some other eukaryotes (39) . Because the Kozak consensus (where ATG represents the first codon in the protein) suggests that the second codon starts with G, it might be expected that there would be higher levels of Ala at P2 in vertebrates because of the frequency of G at the first position of Ala codons. However, by using much larger data sets than available to Kozak at the time the rule was formulated, Xia (40) showed that, contrary to the Kozak rule, there is no link between G at the fourth position and translation initiation efficiency. Xia further suggested that it is the presence of specific amino acids at P2 that led Kozak to (erroneously) conclude that G at position 4 affects the translation efficiency. The observations reported herein that Ala and/or Ser are universally over-represented in the second position in nearly all species cannot be explained by the Kozak consensus rules because it is not universal, e.g. it is not applicable to bacteria and does not extend beyond the first codon in fruit flies. Yeast consensus codons UC[U/C] as reported in Hamilton et al. (41) also appear not to be in support of translation initiation efficiency (shown in supplemental Text S2, specifically Fig. S1, and S2 ). It is appropriate to emphasize that the goal of this study was to detect whatever statistically significant differences might occur between the second and third positions that could offer insight into NME function. Indeed, the fact that Ser/Ala have elevated levels of conservation at P2 in species as diverse as bacteria and humans illustrates that there exists an enormous evolutionary pressure for retaining them in the second position. Because this analysis reveals no over-conservation for 18 out of 20 amino acids, it can be argued that exposure of Ala and/or Ser by NME defines its key function.
Although this study reveals only two over-conserved residues in the second position in the species studied, it cannot be ruled out that additional residues (e.g. Thr) may be over-conserved in other species. However, the seven seemingly equivalent residues (with respect to NME specificity) clearly have vastly different evolutionary patterns suggesting that some of them (e.g. Ala and Ser) play an important functional role whereas others may represent inconsequential players. Thus, NME appears to be a mechanism evolved to resolve the "conflict" between the uniformity of the translation initiation mechanism and the variety of functions affecting the N termini of proteins. 
